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We study the collisional properties of an ultracold mixture of cesium atoms and dimers close to a Feshbach
resonance near 550 G in the regime of positive s-wave scattering lengths. We observe an atom-dimer loss
resonance that is related to Efimov’s scenario of trimer states. The resonance is found at a value of the scattering
length that is different from a previous observation at low magnetic fields. This indicates non-universal behavior
of the Efimov spectrum for positive scattering lengths. We compare our observations with predictions from
effective field theory and with a recent model based on the van der Waals interaction. We present additional
measurements on pure atomic samples in order to check for the presence of a resonant loss feature related to
an avalanche effect as suggested by observations in other atomic species. We could not confirm the presence of
such a feature.
PACS numbers: 03.75.-b, 21.45.-v, 34.50.Cx, 67.85.-d
I. INTRODUCTION
Efimov’s solution to the problem of three resonantly in-
teracting particles [1] is widely considered to be the most
prominent example of a universal few-body system, where
the knowledge of the two-body scattering length a and an ad-
ditional three-body parameter is sufficient to define the whole
energy spectrum and to locate all the bound states. The details
of the interparticle potential become irrelevant and different
systems very far apart in energy and length scales can be de-
scribed in the same way. The famous discrete scaling of the
Efimov spectrum (scaling factor of 22.7) and the precise ratios
that link its different parts have attracted large interest in the
scientific community.
Universal behavior arises from the presence of resonant in-
teractions leading to collisions on a length scale exceeding
the typical size of the interparticle potential. In trimer sys-
tems, the contributions of the short-range details are com-
monly included in the “three-body parameter”. This param-
eter fixes the starting point of the spectrum and can be ex-
pressed in terms of the scattering length a− at which the most
deeply bound Efimov state crosses the zero-energy threshold
[2]. Within the ideal Efimov scenario, the positions of all the
other features of the spectrum are uniquely determined, both
at positive and negative values of a.
The validation of Efimov’s scenario had remained elusive
for decades until experiments on ultracold atoms provided
evidence for its existence [3–13]. The appearance of trimer
bound states has been shown by measuring inelastic colli-
sional rates in atomic samples or atom-dimer mixtures by tun-
ing the scattering length via magnetically controlled Feshbach
resonances [14]. The presence of trimer bound states leads to
enhancement and suppression of losses [15–17]. In particular
the loss resonances represent a “smoking gun” for Efimov’s
spectrum and occur where the trimer energy state crosses the
atomic threshold (at a−, in the region of negative a) or merges
into the state of a dimer plus a free atom (at a∗, in the region
of positive a).
In the region of negative scattering lengths, experimental
observations have shown that the position a− is essentially
independent of the particular Feshbach resonance used for
interaction tuning [6, 10, 18]. The comparison between ex-
periments performed with different species [5–9] shows that
a− ≈−9.5RvdW, where the van der Waals length RvdW repre-
sents the length scale associated with the van der Waals inter-
action [14]. This result suggested that the knowledge of RvdW
is sufficient to determine the three-body parameter. This idea
is supported by theoretical results for the region of negative
scattering lengths [19–23], pointing to a new type of univer-
sality, named “van der Waals universality”, in atomic systems.
In the region of positive scattering lengths, the most suit-
able observables are atom-dimer resonances, as detected by
enhanced losses in mixtures of atoms and dimers [4, 24–
28]. They provide more direct and unambiguous evidence in
contrast to related recombination minima and avalanches in
atomic samples [5, 6, 8]. The essential prerequisite for study-
ing inelastic atom-dimer collisions is the existence of efficient
methods to convert atoms into dimers in a controlled manner.
First measurements on atom-dimer mixtures were performed
in samples consisting of Cs atoms and magneto-associated Cs
dimers [4]. Cesium represents an ideal candidate because of
the rich Feshbach spectrum and the good atom-dimer conver-
sion efficiency [29]. These measurements, which were per-
formed in the low magnetic field region, gave a first hint on
large deviations from universal ratios [4]. This result was un-
expected as the experiments performed with atomic samples
of Cs, in the same region of scattering lengths, have shown
recombination minima at scattering length values consistent
with universal behavior [3]. Other experimental investigations
have been performed with atom-dimer mixtures of different
6Li hyperfine sublevels [25–28] and in heteronuclear mixtures
of fermionic 40K87Rb dimers and 87Rb atoms [24].
Theoretical models qualitatively explain the deviations in
the relative positions of the atom-dimer features of the spec-
trum [30–33] by introducing finite-range effects. However,
the predicted corrections are too small to explain the observed
resonance positions. Recently, theoretical work [34] has pro-
posed a simple two-spin model to directly include the van der
2Waals (vdW) interaction into the Efimov problem for atomic
systems. With this model, which we will refer to as “vdW
model”, the predicted position of the atom-dimer resonance
in Cs is in good agreement with the experimental observation
made in the region of low magnetic field. The authors were
also able to explain the deviation from the ideal scaling re-
lation between positions of the triatomic and the atom-dimer
loss resonances.
In this Article, we explore inelastic atom-dimer scatter-
ing in an ultracold mixture of Cs atoms and Cs2 Feshbach
molecules near a broad s-wave resonance located at about
550 G [35]. Our measurements on the atom-dimer collisional
rate coefficient β reveal a pronounced resonant feature simi-
lar to the one observed at low magnetic fields in our previous
work [4]. Our findings reveal a significant difference in the
positions of the two atom-dimer resonances. This suggests
that universality is much less robust for positive values of a as
compared to the negative-a region. Nevertheless, we show
that our observations can be quantitatively predicted in the
framework of the universal vdW model according to Ref. [34].
This Article is organized as follows. In Section II we de-
scribe the experimental procedure to create ultracold samples
of atoms and molecules. In Section III, we explain the mea-
surement of the atom-dimer decay rates. Section IV contains
the comparison with previous results and available theoretical
models. In Section V we discuss our experimental search for
avalanche loss processes in samples of Cs atoms. In Section
VI we present our conclusions.
II. EXPERIMENTAL PROCEDURES
Our experiments are performed with an ultracold sample of
Cs atoms in the ground-state sublevel |F = 3,mF = 3>, where
F is the hyperfine and mF the magnetic quantum number. First
we prepare the sample at high magnetic fields following the
procedure described in Ref. [35]. We then convert a fraction
of the atoms into Feshbach molecules by magneto-association
[14, 36]. More details on the near-threshold molecular struc-
ture, including the relevant quantum numbers, can be found in
Ref. [35].
The atomic sample is evaporatively cooled in a crossed op-
tical dipole trap generated by near-infrared single-frequency
laser light at a wavelength of 1064.5 nm. As discussed in
Ref. [35] we take advantage of a broad open-channel domi-
nated s-wave Feshbach resonance to control the elastic col-
lisional rate during the evaporation stage. This resonance is
centered at a magnetic field of B = 548.78(9)G and has a
width of 7.5(1) G [37]. Different from the experimental pro-
cedure described in Ref [35], in the last part of the evaporation
stage we set B to 556.9 G, corresponding to a scattering length
a of about 280a0, where a0 is Bohr’s radius [38]. We typically
obtain 1.5×105 atoms at a temperature T ≈150 nK. The final
trap has a mean frequency of ω¯ = 2pi×27.1(2)Hz. This non-
condensed sample with a peak number density of 1.6× 1012
cm−3 and a peak phase-space density of about 0.1 is our start-
ing point for the creation of dimers.
Cesium exhibits a rich collection of Feshbach resonances
[35, 39]. These can be used for magneto-association of atoms
to molecules both in the low and in the high magnetic field
regions. The near-threshold energy spectrum of the differ-
ent molecular states in the magnetic-field region of interest is
shown in Fig. 1. In absence of any coupling between the dif-
ferent energy states, the spectrum of the bare molecular states
would show essentially straight lines: two states, an s- and a g-
wave state, nearly parallel to the threshold (Eb = 0) with bind-
ing energies of about 25 kHz and 1.75 MHz [40], respectively,
and five other states (one s-, two g-, and two i-wave states)
with slopes of about 1 MHz/G relative to threshold. Vari-
ous coupling mechanisms [41] lead to a manifold of avoided
crossings in the spectrum.
The bent s-wave state is the target state for our atom-dimer
decay measurements. This state undergoes an avoided cross-
ing with an i-wave state at B = 557.25 G and at a correspond-
ing binding energy of 400 kHz. The coupling strength, i.e. half
the energy splitting at the center of the crossing, is about
100 kHz. This is unusually strong for a crossing between
states that differ by six units of angular momentum. The par-
ticular mechanism leading to this higher-order crossing is not
understood in the framework of the available theory [35]. The
coupled-channel model presented in Ref. [35] can accurately
determine the positions and the coupling strengths of states
with rotational quantum numbers up to ℓ = 4 in a basis set of
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FIG. 1: (color online) Near-threshold energy spectrum of Cs2 in the
magnetic-field region around 560 G. (a) The spectrum results from
three g-, two i-, and two s-wave molecular states. The bent s-wave
state is our target state for atom-dimer decay measurements and the
g-wave states are used to prepare molecules in the s-wave state. The
paths for molecule creation are indicated by the dashed and dash-
dotted arrows. The dotted frame indicates the region of interest as
magnified in panel (b). (b) The large i/s avoided crossing is high-
lighted by the difference between the uncoupled states (s, d, g basis
set and i-wave state [35]), shown as dashed lines, and the coupled
states (solid lines); for details see text. The hatched region marks the
range of B for which the s-wave character of the states is below 90%.
3s, d, and g states. We have calculated the energies near the
i/s-crossing as shown in Fig. 1 by fitting a simple two-level
model to the experimental data [35]. One level represents the
bent molecular state in the s, d, g basis, and the other one is
the bare i-wave state. In Fig. 1(b) we highlight with hatched
shading the range of B in which the mixing reduces the s-
wave character of the relevant state to below 90%. We can ex-
pect that the interaction physics of the dimers is open-channel
dominated only outside of this region.
Because of the strong i/s avoided crossing we populate the
s-wave state along two different paths similar to Ref. [29]:
To create s-wave molecules on the lower side of the avoided
crossing we use the g-wave resonance at B= 554.06(2)G; see
dashed lines in Fig. 1. After the magneto-association the mag-
netic field B is slowly ramped down to 551 G to populate the
g-wave state with binding energy of about 2 MHz by adiabat-
ically following the g/g-wave avoided crossing near 552 G.
A subsequent fast upward ramp for B allows diabatic trans-
fer through the g/g-wave avoided crossing and then to easily
access the lower region of the s-wave state by adiabatically
following the s/g-wave crossing. The creation of molecules
on the upper side of the i/s-wave crossing is achieved through
the g-wave resonance at 565.48(2)G; see dash-dotted path in
Fig 1. Here, the creation of s-wave molecules is facilitated by
the relatively large coupling between the s-wave and the g-
wave state at 565 G that allows us to switch from the g-wave
to the s-wave state as we lower B. The coupling between
the s-wave state and a second i-wave state at about 562 G is
negligible and that crossing is always followed diabatically.
In both cases, we convert about 8% of the initial atoms into
molecules. The final samples contain about 105 atoms and
4× 103 molecules in thermal equilibrium at a temperature
T ≈175 nK, atomic peak density of 9(1)× 1011 cm−3, and a
molecular peak density of 9.8(2.1)× 1010 cm−3.
To determine the number of atoms and the number
molecules we first release the mixture from the trap. We
use the Stern-Gerlach technique by applying a strong mag-
netic field gradient for 3 ms to separate the molecules from the
atoms. We then convert the molecules back to atoms by Fesh-
bach dissociation ramps. Molecules above the s/i-crossing are
dissociated by reversing the association path. For molecules
below the s/i-crossing we ramp up the magnetic field to disso-
ciate them to atoms via the i-wave state. We detect the atoms
by standard absorption imaging.
III. MEASUREMENTS OF ATOM-DIMER DECAY
Inelastic atom-dimer collisions are quantitatively described
by the corresponding rate coefficient β . We measure this
quantity by observing the decay of the number of molecules
in the mixture. For this purpose, we record the time evolu-
tion of the atom number NA and the molecule number ND for
different values of B, similarly to Ref. [4]. We carry out addi-
tional measurements in pure dimer samples to determine the
background losses caused by inelastic dimer-dimer collisions.
The decay of ND in the trap can be modelled by the rate
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FIG. 2: (color online) Atom-dimer versus dimer-dimer loss. The
number ND of remaining dimers after a variable hold time for B =
557.7 G (a ≈ 400a0) for a pure molecular sample (circles) and for
an atom-dimer mixture (squares). The dashed line is the result of
the fit according to a two-body decay rate equation ˙ND = −αN2D/V
giving α = 2.4(3)×10−10cm3/s. The solid line is a fit according to
Eq. (2). The error bars represent the standard deviation for ND given
5 to 10 experimental runs. Note that, in this particular set of mea-
surements, the initial number of dimers is twice higher than under
usual experimental conditions, which enhances dimer-dimer losses.
equation [4]
˙ND
ND
=−β ′NA
V
−α
ND
V
, (1)
with an effective volume V = [2pikBT/(mω¯2)]3/2. Here, m
is the Cs atomic mass. For the loss rate coefficient we use
β ′ =√8/27×β , where the factor √8/27 takes into account
the overlap between the atomic and molecular clouds [4]. The
first term in Eq. (1) accounts for atom-dimer losses, while the
second term models dimer-dimer background losses charac-
terized by the rate coefficient α . In our samples, the num-
ber of atoms is typically 25 times larger than the number of
molecules and thus NA can be considered as approximately
constant. Three-body losses take place on a timescale much
larger than the timescale for atom-dimer losses and are negli-
gible [3, 4].
To determine the background contribution of dimer-dimer
losses to the measured decay curves, we carry out measure-
ments in pure molecular samples to extract the rate coefficient
α . For such measurements, we remove the atoms with a pulse
of resonant light [29]. An example of a decay measurements
on pure molecular samples is shown in Fig. 2 together with the
data obtained with an atom-dimer mixture at the same value
for B. The larger lifetime of the pure molecular sample is ev-
ident and clearly demonstrates that losses in our mixture are
dominated by inelastic atom-dimer collisions.
Figure 3(a) shows the values of the loss rate coefficient α
measured on the two sides of the avoided crossing. In the
magnetic field region of interest the coefficient α shows a
strong enhancement close to the avoided crossing. We at-
tribute this to the strong closed-channel contribution in this re-
gion. Above the crossing, we observe a behavior resembling
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FIG. 3: Measured dimer-dimer and atom-dimer loss rate coefficients.
(a) The dimer-dimer loss rate coefficient α and (b) the atom-dimer
loss rate coefficient β are plotted as a function of B. They are de-
termined from measurements as shown in Fig. 2. The data in (a)
is obtained for hold times of up to 10 ms at the lower side of the
avoided crossing (gray squares) and up to 20 ms at the upper side
(filled squares). In (b), gray diamonds are data obtained on the lower
side of the avoided crossing and filled diamonds are data on the up-
per side. The error bars contain the statistical uncertainties on the
number of atoms and dimers, trap frequencies, and temperature. As
in Fig. 1, the hatched region indicates the range of B in which the
s-wave character of the states is below 90%.
previous observations for dimer-dimer collisions in the low-
field region [42], showing an increase of α for higher mag-
netic fields where the scattering length a becomes larger. We
note that we have also observed two narrow loss features in
dimer-dimer collisions at about 556.65(5)G and 556.94(5)G
similar to observations reported in Refs. [43, 44]. We attribute
these features to Feshbach-like resonances, most likely result-
ing from the coupling of two colliding dimers to a tetramer
state.
The atom-dimer relaxation rate coefficient β ′ can now be
determined by fitting the molecule number with the solution
of Eq. (1) for constant NA,
ND(t) =
β ′NAND,0
(β ′NA +αND,0)eβ ′NAt/V −αND,0 , (2)
where the free parameters are the initial number of molecules
ND,0 and the rate coefficient β ′, whereas α , NA and V are sep-
arately measured quantities. The values obtained for the rate
coefficient β are displayed in Fig.3(b) as a function of B. It
shows a distinct maximum near B = 558.5 G in a range of
B where the s-wave character is dominant and where dimer-
dimer losses are very weak. We interpret this feature as an
atom-dimer resonance caused by the coupling to an Efimov-
like three-body state, in analogy with our previous low-field
observation [4].
IV. COMPARISON WITH PREVIOUS RESULTS AND
THEORY
The observation of an atom-dimer resonance in the region
of high magnetic fields as reported here can be compared to
the previous observation of an atom-dimer resonance at low
magnetic fields [4]. This comparison provides a test of the
universality of the three-body system for a > 0 and thus com-
plements our previous work on triatomic Efimov resonances
for a < 0 [10].
Figure 4 presents the atom-dimer loss rate coefficient β as
a function of the scattering length a. Panel (a) shows the new
data and panel (b) shows the data from Ref. [4]. For the a(B)
conversion in both data sets, we have used the most recent and
very accurate model M2012 [35]. The different positions of
the two resonant features are evident, with the one observed
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FIG. 4: (color online) Atom-dimer loss rate coefficient β for Cs as a
function of the scattering length a in the high (a) and low (b) mag-
netic field regions. In panel (a) the filled (gray) diamonds result from
the measurements performed on the upper (lower) side of the avoided
crossing at 175 nK, as in Fig. 3(b). In panel (b) the filled squares are
data from Ref [4] acquired at 170 nK. In both panels, the dashed and
the solid lines represent the EFT fit and the prediction of vdW model
scaled by the factors D and D′ (see text), respectively. Error bars
include statistical uncertainties on temperature, trap frequencies, and
atom numbers and the fitting uncertainties.
5at high magnetic fields centered at a ≈ 600a0 and the one at
low fields centered at about 400a0. This difference stands in
contrast to the recent observations on triatomic Efimov reso-
nances at negative a [10], where the resonance positions ap-
pear at essentially the same values of a.
In Sec. IV A, we first present a fit of our experimental data
based on effective field theory (EFT), which allows us to ex-
tract the parameters describing the atom-dimer resonances. In
Sec. IV B, we then compare our observations with a recently
developed model [34] that takes the vdW interaction into ac-
count. Finally, in Sec. IV C we, discuss our findings in view of
the universality of three-body physics in real atomic systems.
A. Effective field theory
We analyze our measurements of the loss rate coefficient β
by using the results of EFT [46, 47]. EFT provides a general
description of the functional dependence β (a), without be-
ing able to predict the resonance position and its width. The
theory thus contains two free parameters, a∗ and η∗, which
are determined by fits to the experimental data. Our fit also
includes an additional amplitude scaling factor D to account
for systematic errors in the number density and other possible
factors influencing the magnitude of β [4, 10].
The dashed lines in Fig. 4 show the results of the EFT fits
for the two resonances. For the high-field data in panel (a),
we exclude from the fit the five data points with a < 400a0,
corresponding to the points below 557.6 G in Fig. 3(b). These
points lie in the region where we suspect a strong influence
by the i/s-wave crossing. Alternatively, we also include the
lowest two data points in the fits (below the hatched region in
Fig. 3(b)), finding that this has negligible effect on the result-
ing value of a∗. For the low-field data set in panel (b) [4], the
fit takes into account all data points.
Table I summarizes the fit parameters for the two atom-
dimer resonances. The values a∗ obtained for the resonance
positions are +653(25) a0 and +419(10)a0 for the high and
low field features, respectively. The uncertainties include the
statistical contributions and the uncertainties for the a(B) con-
version [35]. The difference in a∗ is remarkable and much
larger than the uncertainties, while the values obtained for the
width parameter η∗ are comparable within the error bars. The
amplitude scaling factors resulting from the fit are D = 2.8(9)
(high-field case) and 0.64(23) (low-field case), showing con-
siderable deviations from unity with an opposite trend.
B. Universal van der Waals theory
Recently, Wang and Julienne have introduced a new model
[34] that builds in the pairwise van der Waals (vdW) inter-
action and, based on a numerical solution of the three-body
Schro¨dinger equation, predicts the collision rate constants
without any adjustable parameters. To describe the Feshbach
resonance, the background scattering length abg and the res-
onance strength parameter sres [14] are needed as the two in-
put parameters. For both cases considered here, we are in the
regime of sres ≫ 1 (entrance-channel dominated resonances)
and of a large abg/RvdW ≫ 1. For Cs, RvdW is equal to 101a0
[14].
The solid lines in Fig. 4 show the results of the universal
vdW model [48]. Although the theory, in principle, does not
contain a free parameter, we introduce an additional amplitude
scaling factor D′ to obtain an optimum fit with the experimen-
tal data; this is analogous to the parameter D used in the EFT
fit. The amplitude scaling factor takes into account possible
amplitude variations between experiment and theory, which
may result from various sources. On the experimental side,
errors may result from the number density calibration and,
on the theoretical side, the decay channels to deeply bound
molecular states may not be properly taken into account be-
cause of the nonuniversal nature of these target states. Con-
siderable amplitude deviations have been seen also in other
experiments on atom-dimer resonances [24, 25, 27].
For the high-field resonance in Fig. 4(a), we find that the
model describes its position and width very well, but an am-
plitude scaling factor of D′ = 5.6 is needed to fit the data
(see Table I). The predicted value a∗ for the loss maxi-
mum is +625a0, which is consistent with the observed value
+653(25)a0 within 1.1σ of its uncertainty. For the low-field
resonance in (b), the maximum appears at +460a0, which is
significantly (about 4σ ) above the experimental value a∗ =
+419(10)a0. This deviation corresponds to 3% of the Efimov
period and may thus be considered as quite small. The re-
quired amplitude scaling factor D′ ≈ 0.5 is much smaller than
in the high-field case.
C. Discussion
In the ideal Efimov scenario with its discrete scaling fac-
tor of 22.7, the positions of all observables follow fixed ratios
[2]. Those ratios, which are strictly valid only in the limit of
very large a, provide benchmarks for testing the scenario in
real atomic systems and for quantifying possible deviations.
As such a benchmark, the position of the lowest atom-dimer
resonance is ideally related to the one of the lowest triatomic
resonance at a− by the ratio a∗/|a−|= 1.06. With the experi-
mentally determined values for a∗, as presented in Sec. IV A,
and the values for a− determined in our previous work [10],
we obtain 0.68(6) for the high-field region and 0.48(2) for
the low-field region. These two experimental determinations
of a∗/|a−| both lie substantially below the ideal value. This
general trend is qualitatively expected based on theoretical ap-
proaches beyond the universal Efimov limit [31–33].
The two results for a∗/|a−| obtained for different Feshbach
resonances deviate from each other, which points to the im-
portance of the character of the underlying Feshbach reso-
nance. Finite-range corrections as described to first order in
terms of the effective range k0 [14] are not likely to explain the
deviations, as k0 shows only minor differences for both cases.
This raises the question whether higher-order finite-range cor-
rections may be relevant.
The universal vdW model, discussed in Sec. IV B, provides
predictions remarkably close to the experimental observations
6Bres sres abg/a0 k0/a0 a−/a0 [10] EFT fit vdW a∗/|a−|a∗/a0 δ1/a0 δ2/a0 η∗ D D′ Exp Efim. vdW
-12.3 G 560 ≈1700 180(20) −872(22) +419(10) 8 6 0.06(2) 0.64(23) 0.48(7) 0.48(2) 1.06 0.54
548.8 G 170 ≈2500 210(20) −957(80) +653(25) 12 22 0.07(2) 2.8(9) 5.6(3) 0.68(6) 1.06 0.65
TABLE I: Parameters for the two Feshbach resonances and the associated atom-dimer resonances. The first column gives the magnetic field
value Bres for the center of the s-wave Feshbach resonance. The quantities sres, abg, and k0 are the resonance strength, the background scattering
length, and the effective range, respectively [14]. The effective range k0 at the atom-dimer resonance position has been calculated by using
the latest Cs potentials. The values for the triatomic resonance positions a− are taken from Ref. [10] and the errors include all statistical
uncertainties. For the values of a∗ the number in parentheses gives the full statistical uncertainty, while δ1/a0 and δ2/a0 are the uncertainties
resulting from the fit and from the conversion a(B) [35], respectively. The scaling factors D and D′ result from the EFT fit [16] and from the
amplitude fit according to the results from the vdW model. The last three columns give the values for a∗/|a−| as determined by the experiment,
as given by Efimov’s universal solution [45], and as given by the vdW model. The error for a∗/|a−| includes all statistical uncertainties.
and reproduces the central experimental findings that (i) the
atom-dimer resonances are substantially down shifted as com-
pared to the expectation from the universal Efimov limit, and
that (ii) this down shift is smaller in the high-field region
than in the low-field case. Comparing the two Feshbach res-
onances, the question arises whether the different values for
a∗/|a−| can be mainly attributed to the difference in sres or in
abg, or whether a combination of both is necessary to under-
stand the situation.
An open issue concerns the amplitude of the observed
atom-dimer resonances. In the high-field region the resonance
amplitude is clearly larger than theoretically expected, which
is quantified by the amplitude scaling parameters D = 2.8(9)
and D′ = 5.6(3) for the two fits applied. These values are
too large to be explained by systematic experimental uncer-
tainties, which we estimate to be below 50%. For the previ-
ously observed atom-dimer resonance in the low-field region,
the amplitude scaling factors D = 0.64(23) and D′ = 0.48(7)
are smaller than one, which indicates a trend opposite to
the high-field region, but consistent with the observations of
Refs. [24, 25, 27]. We can only speculate about possible
causes for this difference. The collisional decay leads to more
tightly bound molecular states and therefore involves coupling
at short ranges. The present models apparently get the order
of magnitude right, but they do not permit to describe the am-
plitude of the resonant decay on a fully quantitative level.
V. SEARCH FOR AN ATOM-DIMER AVALANCHE
EFFECT
Three experimental groups have reported on the observa-
tion of atom-dimer resonances in measurements performed
with purely atomic samples of 39K [5] and 7Li [6, 8]. These in-
direct observations have been attributed to an avalanche pro-
cess, during which the dimers formed in three-body recombi-
nation events collide elastically with the trapped atoms before
leaving the sample. The energy released in a single recombi-
nation event is sufficient to kick several atoms out of the trap,
which leads to enhanced losses. These measurements are still
debated [49–51] as the atom-dimer peak position a∗ can only
be inferred employing a collisional model. In this Section,
we present measurements obtained in pure atomic samples.
We show that they are well described by EFT and the vdW
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FIG. 5: (color online) Loss measurements in pure atomic samples.
The loss fraction is measured with samples of (a) 1.5×105 atoms at
a temperature of about 170 nK and (b) 4×104 atoms at 40 nK. In (a),
the hold time is 2 s for the open symbols and 400 ms for the filled
ones. In (b), the hold time is 1 s for the open symbols and 50 ms for
the filled ones. (c) The recombination rate coefficient L3 is extracted
from the data set with a hold time of 2 s from panel (a). The dashed
line is the prediction from EFT [16], while the solid one is derived
within the vdW model [48]. The error bars include the statistical
uncertainties on the atom number. In all three panels, the grey region
indicates the position of the loss resonance in atom-dimer mixtures;
see Sec. IV. The width of this region reflects the uncertainty of the
resonance’s center position.
model, without any significant avalanche effect.
We have measured the fraction of lost atoms after a fixed
hold time in a magnetic field range corresponding to a be-
tween 400 and 1100 a0. The hold times have been chosen in
order to have an observable loss fraction in the range between
10 and 50%. First we performed our measurements with the
atomic sample as described in Sec. II, having a temperature of
170 nK and an initial peak number density of 1.6×1012 cm−3.
7Figure 5(a) shows our results. As predicted, the loss fraction
increases for larger values of a as expected from the a4 scal-
ing [52], However, within our experimental uncertainties, the
losses do not show any significant enhancements, neither at
the atom-dimer resonance position a∗ nor at any other val-
ues of a. We have performed the loss measurements in sam-
ples with a higher peak density of 3.2×1012 cm−3, which are
obtained in the course of a further evaporation step down to
40 nK. Also with these experimental conditions we have ob-
served no significant loss enhancement, as can be seen from
the data Fig. 5(b).
From the loss fraction data obtained at 170 nK with a hold
time of 2 s, see open symbols in Fig. 5(a), we extract the three-
body recombination rate coefficient L3. This is possible un-
der the assumption that three-body collisions are the domi-
nant loss mechanism and that heating is caused by the anti-
evaporation effect [52]. For values of a below 500 a0, we ob-
serve additional background losses on a timescale exceeding
tens of seconds. These background losses are subtracted in
our data analysis. Figure 5(c) shows our results on L3(a) to-
gether with the predictions of EFT [53] and the universal vdW
model.
Our experimental data are consistent with the two loss mod-
els and this result suggests that losses in atomic samples of Cs
under our experimental conditions can be predicted without
including avalanche processes. Our results are consistent with
earlier observations in the low magnetic field region that did
not reveal any loss feature. Our observations are not consis-
tent with predictions of a loss peak in Cs as discussed in [49],
but the model may not be appropriate for the specific situa-
tion of Cs [54]. The model of Ref. [50] predicts a very broad
feature of moderately enhanced losses near a∗. As it is experi-
mentally very difficult to discriminate such a feature from the
background, we cannot draw any conclusion on its presence.
A recent preprint reports on a search for the avalanche ef-
fect in heteronuclear atomic mixtures of 40K and 87Rb [55]. A
narrow avalanche feature could not be observed, neither at val-
ues for a where an atom-dimer resonance has been observed
previously [5, 6, 8], nor at other values. These observations
are consistent with our findings and the suggested avalanche
mechanism [5] remains an unresolved issue.
VI. CONCLUSIONS
In conclusion, we have investigated inelastic atom-dimer
collisions in mixtures of Cs atoms and Cs2 dimers in the re-
gion of positive scattering lengths near the 550 G Feshbach
resonance. Our measurements reveal a resonance that results
from the coupling of an atom and a dimer to an Efimov trimer
state. We fit the data by using effective field theory predictions
and we determine the resonance position and width. The res-
onance position a∗ =+653(25)a0 significantly deviates from
the previous result obtained in the low magnetic field region,
a∗ = +419(10)a0. For both resonances, their positions rela-
tive to the corresponding triatomic loss resonances strongly
deviate from the ratio predicted for an ideal realization of
Efimov’s scenario in the large-a limit. These observations
demonstrate that universality is less robust in the positive-a
region than previously observed in the negative-a region [10],
much more depending on the particular properties of the un-
derlying Feshbach resonances used for interaction tuning.
We have compared our results with recent predictions ob-
tained within the universal vdW model of Ref. [34], which
only requires the Feshbach resonance parameters and the vdW
length to locate the Efimov features. The positions and the
widths of the observed loss resonances are in very good agree-
ment with the vdW model. For both resonances, the observed
amplitudes differ strongly from the theoretical predictions.
Surprisingly, they deviate in opposite directions for the two
Feshbach resonance scenarios. Our results are an important
step towards a complete understanding of Efimov processes
in atomic systems. The extension of similar theoretical and
experimental investigations to other species and to heteronu-
clear mixtures can probably shed new light on the appearance
of Efimov states in real atomic systems, the robustness of uni-
versality, and on the influence of the particular Feshbach res-
onances on the Efimov spectrum.
Additional loss measurements carried out in purely atomic
samples have not provided any signatures of an avalanche ef-
fect near the atom-dimer resonance position. The presence or
absence of such features depending on the particular species
is an unresolved issue that deserves more attention in future
experiments.
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